Abstract. We studied the source parameters of the 1957 Aleutian earthquake using tsunami waveform data recorded on tide gauges around the Pacific Ocean. Using a finitedifference computation, this tsunami can be numerically simulated. The tsunami records were inverted for the slip distribution on the rupture area. Results show that slip was concentrated in the western half of the aftershock zone with a maximum displacement of 7m. The moment computed from the slip distribution is 88x1020 Nm, giving the 1957 earthquake a moment magnitude of Mw=8.6. The waveform inversion confirms that no slip occurred in the Unalaska Island area, making this area a possible seismic gap with a potential to rupture in a great earthquake and generate a Pacific-wide tsunami.
Introduction
The Alaska-Aleutian Arc has a history of repeatedly rupturing in great earthquakes. The most recent sequence, in the past 55 years, has ruptured almost the entire arc from southern Alaska to the western Aleutians. However, some segments of the arc have apparently not ruptured during this sequence, and these areas are 'called seismic gaps. These gaps are delineated by the ends of the rupture zones of the adjacent great earthquakes; therefore, it is important to know the bounds of rupture of the great events.
Among the recent large earthquakes, the 1957 Aleutian earthquake (9 March 1957 at 14:22 GMT, epicenter 51.63øN, 175.41øW, Ms=8.1) has been least understood because it occurred before the introduction of the WWSSN stations and little seismic data are available. Elementary source parameters such as source area, seismic moment and slip distribution have not been well determined.
The source area of an earthquake is often identified as the region containing the aftershocks. The aftershock zone of the 1957 earthquake is the longest of any earthquake ever recorded. It stretches 1200 km along the Aleutian Trench from approximately 164øW to 180øW (Figure 1 ). Both Sykes [1971] and Kanamori [1977] used the 1200 km long aftershock zone of the 1957 earthquake to estimate seismic moment of 30x1020 Nm and 585x1020 Nm, respectively. However, House et al. [1981] argued that the easternmost end of the aftershock zone near Unalaska Island is anomalous and suggested that this area did not rupture in the 1957 earthquake, leading to the hypothesis that this area is a seismic gap. In any case, using the size of the aftershock zone is an indirect means of deriving the moment.
The moment of the 1957 earthquake has been estimated by more direct methods. Abe [1979] used the relationship between maximum tsunami height and earthquake moment to assign a tsunami magnitude of Mt=9.0 to the 1957 Copyright 1993 by the American Geophysical Union.
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0094-8534/93/93 GL-01217503 . 00 earthquake. The equivalent moment is 400x1020 Nm. Ruff et al. [ 1985] used the single available surface wave record from Pietermaritzburg, South Africa to estimate the slip distribution and determined a moment of 100x1020 Nm. However, the response of this instrument is poorly known, making results from this seismic data suspect. Lane and Boyd [1990] have studied the surface wave directivity from this surface wave record by a nonlinear inversion, but they could only determine the rupture length and velocity.
Lack of seismic data has hampered past efforts to determine the source parameters precisely. There is, however, a good quality data set available for this earthquake. The tsunami generated by the earthquake was recorded on tide gauges all around the Pacific Ocean. The tsunami waveforms can be used to determine the source parameters of the 1957 earthquake, which will determine if the Unalaska Island area is a seismic gap.
Computation of Tsunami Propagation
Tsunamis generated by large earthquakes can be treated as a linear long wave because the wavelength is much greater than the water depth. motion and continuity can be solved by finite-difference method on a staggered grid system. Using highly accurate, digital bathymetry of the Pacific Ocean, the tsunami velocity and thus tsunami propagation can be calculated very accurately. The more accurate the bathymetry, the more accurate the computation. This suggests the adoption of a fine grid system for calculating the tsunami propagation. However, very fine grid-spacing on the entire northern Pacific Basin would be impractical due to the enormous computational effort. For the majority of the deep Pacific Ocean where the bathymetry changes slowly, the grid space need not be any finer than 5' (approximately 10 km). However, near coastal areas, the bathymetry changes much more rapidly. Also, islands and harbors where tide gauges are located cannot be adequately represented by 5' grid spacing.
Therefore, in coastal areas such as the west coast of N.
America, the Hawaiian Islands, and around the tide gauges in Alaska, 1' (less than 2 km) grid spacing is used.
Tsunami Waveform Inversion
The method for inverting tsunami waveforms has been used previously by Satake [1989] for local and regional tsunami data. While this study is the first to determine slip distribution from far-field tsunami waveforms, the method is the same.
The fault area is divided into subfaults. The latitude, longitude, strike, dip, depth, and area of each subfault is specified. The vertical deformation of the seafloor from unit displacement on each subfault is calculated (e.g. Okada We inverted the waveforms from 12 tide gauges from Alaska, the Aleutians, Hawaii, and N. America. These tide gauges are Attu, Unalaska, and Yakutat, AK; Neah Bay, WA; San Francisco, Alameda, San Pedro, Los Angeles Harbor, Newport Bay, and San Diego, CA; and Hilo, HI. The waveform data at each tide gauge station consists of an average of 110 time points with a sampling rate of 1 min, and the total number of data points is 1312. Figure 2 shows the observed and computed waveforms from some of these tide gauges. We performed both a least-squares inversion and an inversion with a positivity constraint.
Slip Distribution
The slip distribution from the solution with a positivity constraint can be seen in Figure 3 and Table 1 The formal statistical errors for a standard least-squares inversion cannot always be considered a good estimate of the actual errors [Tichelaar and Ruff, 1989] . Further no formal errors can be estimated for a non-negative least-squares inversion. Therefore, we applied a resampling technique to determine the errors. This technique is jackknifing, in which a fixed number of random data points are deleted to produce a resample that is then inverted for the model parameters. If we treat each waveform as 110 data points out of a total of 1312 data points, then we can make a delete-110 jackknife with corresponding errors by reinverting the tsunami waveforms twelve times, each time dropping a different waveform. However, since we delete an entire waveform at a time, rather than 110 random data points, the errors determined can be strongly influenced by the presence or absence of certain waveforms. Therefore, we examined each of the jackknife inversions and determined that two waveforms, from Hilo and Attu, were necessary to obtain a stable solution. We recomputed the errors using only those jackknifes that included both Hilo and Auu.
The errors are given in Tables 1 and 2 . These error estimates show that the slip distribution is significantly nonzero for all the subfaults except for: subfault 1 and 8 in It is interesting to note that a portion of the 1957 rupture zone reruptured in the Andreanof Islands region in May 1986. This area, from about 172ø-177øW, is approximately As stated in the introduction, previous estimates of the seismic moment in the 1957 earthquake vary by as much as an order of magnitude. With slip distribution as determined by tsunami waveforms, the seismic moment can now be accurately estimated. The two estimates of the moment are 88x1020Nm and 84x1020 Nm. These estimates give a moment magnitude of Mw=8.6. This is much smaller than the 
